Abstract-Flux-linkage based sensorless control method is wellknown and has been widely used in the control of electrical machines. The closed-loop flux observer (CLFO), which is the adaptive combination of the machine voltage and current models, is commonly adopted. It can cover a wide speed operation range and was considered to be able to solve the dc drift and initial value problem associated to the pure integrator used in the observer. However, it is reported in this paper that this popular CLFO cannot always work as expected. In some situations, dc-offsets cannot be removed by this flux observer, causing large system oscillation at fundamental frequency and is very harmful to the drive system. This important issue has not been reported and discussed in the existing literatures of the CLFO. In this paper, this phenomenon is experimentally illustrated and solution to damp this harmful oscillation is proposed and verified experimentally on a synchronous reluctance machine drive system.
I. INTRODUCTION

S
YNCHRONOUS reluctance machine (SynRM) is considered to be a good candidate for super premium efficiency machines and is obtaining a lot of interest from the industries. It is also of great interest to develop sensorless control scheme to drive the SynRM effectively and efficiently. It is worth noticing that most of the industrial applications are with fan, pump, and compressor types of loads. For such applications, the desired operation range of the machine is normally 20%-100% of its rated speed. High dynamic control at low speed operation during startup is not necessary. Instead, cost, robustness, and efficiency are the three main aspects to be considered.
Electrical machine sensorless control has been studied extensively in the past decades, as it has the advantages of reduced system cost and complexity and increased system reliability. Many high performance sensorless control methods The authors are with the Department of Energy Technology, Aalborg University, DK-9220 Aalborg, Denmark (e-mail:, dwa@et.aau.dk; klu@et.aau.dk; por@et.aau.dk).
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Digital Object Identifier 10.1109/TPEL. 2018.2865348 have been reported for synchronous machine drive systems. These methods can be roughly categorized as the electromotive force, inductance variation or flux-linkage sensing methods [1] .
Regarding the SynRM drives for fan, pump, and compressor applications, position sensing via flux-linkage is commonly used in the medium to high speed range [2] - [7] . This method is implemented in this paper. The starting of the SynRM drive uses a simple I − f startup strategy, which has been well discussed in [4] .
To apply the flux-linkage based position sensorless control algorithm to the salient-pole machines, a "fictitious PM flux" model was first introduced in [5] . The "active flux" or "torqueproducing flux" concept was then proposed as a general solution for various types of ac machines [6] , [7] . This method integrates the stator voltage to obtain the stator flux linkage and the rotor position is then estimated by identifying the active flux component that is aligned with the rotor d-axis. In this method, the dc-drift problem associated to the integrator must be carefully treated.
DC-offset of a pure integrator can be caused by the drift introduced by sensors, sampling and A/D conversion, parameter variation, etc., [8] , [9] , as well as a wrong initial value of the integrator [9] . The presence of the dc-offset will cause the speed of the system oscillating at its fundamental frequency [2] , [9] , which could be harmful to the system. Many efforts have been spent to solve this dc-offset problem. A straightforward method is simply to remove the average value of the flux-linkage [2] , [9] . This method can solve the initial value problem but has poor dynamic performance against system drifts. Low-pass filter (LPF) 1/(s + ω c ), which is actually the combination of a first-order high-pass filter s/(s + ω c ) and a pure integrator 1/s, can perform well when the machine operation frequency is high enough compared to the cutoff frequency ω c of the LPF [10] - [12] . This is to ensure that the phase delay caused by the filter is small and the resultant position estimation error will not affect the system stability. In order to obtain a wide speed operation range, compensation of the magnitude and phase errors associated to the LPF should be implemented [13] . All these methods are based on the machine voltage model only and result in an open-loop flux observer, whose dynamic performance reduces as the speed reduces [14] . An improved solution is to employ a closed-loop flux observer (CLFO), which is a hybrid of the open-loop machine voltage-and current-models [15] , [16] . It is 0885-8993 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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a model reference adaptive system and the two open-loop models are tuned/adapted together by a proportional-integral (PI) regulator. The voltage model is dominant in the medium-high speed range and the current model is dominant in the low speed range [6] , [7] , [15] , [16] . The compensation signal to the voltage model, which is from the PI regulator, is expected to be able to compensate various errors such as integration dc-offset and stator resistance variation, by taking the signal obtained from the current model as the reference [6] , [7] , [16] . Besides, since the CLFO uses both machine voltage-and current-models for flux-linkage estimation, the redundancy may increase the system robustness and stability [15] . This popular CLFO was considered to be applicable for unified ac machines [7] and has been implemented in induction machine [15] , [16] , PM machine [6] , [7] , and SynRM [7] , [17] sensorless drives. Existing studies regarding SynRM sensorless drive try to limit the minimum magnetizing current to a certain level, e.g., rated value, even at low speed light load conditions [17] . However, it is not an energy efficient solution to keep a high magnetizing current than needed and is not preferred in applications such as fan, pump, and compressor. The magnetizing current should be controlled to achieve high energy efficiency of the SynRM drive. A simple and reliable strategy is to set the magnetizing current (d-axis current) being equal to the torque producing current (q-axis current) [18] , [19] .
In this paper, it is validated experimentally that the CLFO, which has been widely used in [6] , [7] , [17] , and [22] , and is considered to be able to overcome the dc-offset problem of the open-loop flux observer [2] , [9] , cannot always work as expected. DC-offsets can be observed in the flux-linkage obtained from the CLFO, resulting in unexpected system oscillation. This paper reports this unexpected low frequency oscillation phenomenon related to the CLFO that was not been paid attention to before, supported by simulations and experiments. In addition, an improved CLFO to remove the dc-offsets and damp this oscillation is proposed and verified experimentally.
II. CONTROL SYSTEM TOPOLOGY
The complete control system topology, including startup strategy and field-oriented control (FOC), is illustrated in Fig. 1 . The three switches are connected to terminal 1 during startup procedure and switched to terminal 2 during normal FOC operation. The start procedure uses an open-loop I − f startup strategy for accelerating the SynRM from zero speed to 20% of the machine rated speed. This I − f method was initially introduced for permanent magnet synchronous machine (PMSM) and detailed stability analysis and design guidelines were given in [4] . After the SynRM has reached 20% of the rated speed, the controller is then switched to closed-loop FOC operation.
The electromagnetic torque of the SynRM is expressed as
where p is the machine number of pole-pairs; due to the self-and cross-saturation effects [20] , [21] . Detailed nonlinear machine inductance or flux-linkage map is required to perform more accurate sensorless control [21] . "Artificial inductance" concept can be considered to reduce the system complexity but will result in less accuracy [22] . In the SynRM FOC, it is often a convenient choice to set [18] , [19] 
where I m is the magnitude of the machine current vector. Position sensing via flux-linkage is used to estimate the machine rotor position. It is well known that the machine voltage equation represented in the αβ-reference frame is
wherev αβ ,ī αβ , andλ αβ are the machine stator voltage vector, current vector, and flux-linkage vector, respectively; R s is the stator phase resistance. As the machines are normally controlled in rotor dq-reference frame, the stator flux-linkage can be expressed as (4) where λ pm is the amplitude of the rotor PM flux-linkage. θ r is the machine rotor position while zero position is defined to be the position where rotor d-axis and stator phase a-axis are aligned. The term λ pm + (L d − L q ) i d is known as "fictitious PM flux" [5] or "active flux" [6] .
The estimated rotor position is the argument of the vector λ αβ − L qīαβ , which can be calculated as
Fig . 2 shows the detailed topologies of the flux linkage based position and speed observer.
According to (3), the flux-linkage can be calculated as which is known as the voltage model based open-loop flux observer. In practice, various dc-offsets will affect the integrator output and a dc-offset compensation termv offset should be included. In addition, inverter voltage errorv inv may be compensated when estimating the flux, as shown in Fig. 2 [6] . Therefore, voltage mode flux observer (6) may be modified tō
A reference flux-linkage is required in the compensation block in order to form a closed-loop compensation mechanism. The reference flux linkage is often obtained from the machine current model as
whereθ r is the estimated rotor position. The machine voltageand current-models are adapted together through a PI regulator as shown in Fig. 2 .
III. SYSTEM IMPLEMENTATION AND OSCILLATION PHENOMENON
The previously described control system is implemented. The system topology and experimental setup are shown in Figs. 3 and 4, respectively. The parameters of the SynRM are given in Table I . The values of the PI gains are tuned and checked both analytically and experimentally, according to the detailed tuning guidelines given in [23] , with the results of nearly zero overshoot for the d-axis current loop and speed loop, and around 5% overshoot for q-axis current loop. Fig. 5 shows the sensorless FOC experimental performance at 300 r/min-20% of the machine rated speed n rt . It can be observed from Fig. 5 that, in general, the drive exhibits good performance at different steady state and transient operation conditions. The position error is small and there is almost no dc-offsets in the flux linkage components in the αβ-reference frame. The CLFO discussed previously delivers almost expected performances. Moreover, it can be observed from Fig. 5 (c) that there are no obvious overshoot in machine current and speed when there is a step load change, which means that the PI gains are properly adjusted.
However, it is noted that a system speed oscillation phenomenon was observed during the experiment, as demonstrated in Fig. 6 when operating at 600 r/min 10 A load condition. A clear dc-offset in the machine flux-linkage can be observed and the real machine speed is oscillating at the fundamental electrical frequency. The acoustic noise level was significantly increased during the experiment. Actually, the system is already oscillating in a small range as can be observed in Fig. 5(a) , where the variation of the position error clearly shows that the system is oscillating at its fundamental frequency. Besides, it can be seen that the waveform ofλ β is located a bit lower thanλ α , which means that the dc-offset occurs. This oscillation phenomenon has not been reported before for this popular CLFO illustrated in Fig. 2 . Similar phenomenon was reported for the open-loop flux observer [2] , [9] ; but now it occurs for the CLFO, which was considered to be able to overcome this dc-offset problem. This means that the CLFO, with the idea to use the reference machine current model to remove the dcdrifts in the machine voltage model through an adaptive mechanism, cannot always work as expected. DC-offsets can still be brought into the estimated flux-linkage and it cannot be eliminated by the original CLFO itself, resulting in continuous system oscillation.
IV. CLFO ANALYSIS
A CLFO needs a compensation voltagev offset to balance the effects of the dc-offsets existing in the voltage model flux observer. An extra reference flux signal from the machine current model (8) is used to generatev offset , as illustrated in Fig. 2 . In normal steady-state working conditions without any speed oscillation, i d and i q are almost constant values, so are λ d and λ q . Therefore, the reference flux from the current model in the αβ-reference frameλ * αβ is ideally pure sinusoidal without offsets. Any offset appearing in the flux linkageλ αβ obtained from the voltage model (7) can then be extracted by comparing withλ * αβ . This is the fundamental working principle and the expectation of this compensation block. However, when the reference flux linkageλ * αβ generated by the current model are no longer sinusoidal but contain offsets, they may match the offsets in the voltage model and the resultant flux linkageλ αβ through this adaptive mechanism may still contain undesired offsets, settling in a continuous system oscillation in steady-state conditions as demonstrated in Fig. 6 . This is illustrated through the case study below.
To investigate the possible system oscillation phenomenon, dc-offsets are intentionally introduced into the active fluxλ a αβ , which will affect the position estimation and consequently other system variables by following the closed-loop flow paths (marked in red arrow) illustrated in Fig. 7 . To simplify the analysis, the current controllers are supposed to have large enough bandwidths so that the real currents i q and i q can well track (are equal to) the reference currents i * d and i * q at steady-state conditions. The system dc-drifts are represented by an equivalent voltage componentv drift in the machine voltage model. Fig. 8(a) shows the steady-state operation condition where there are no flux dc-offsets and speed oscillation, which serves as a reference of the healthy operation condition. It can be seen that the active fluxλ of this calculation procedure (top figure), which means that the steady state has been reached. Thus, for this situation, it can be seen that the dc-offsets inλ αβ cannot be removed by this widely used closed-loop compensation block sinceλ αβ andλ * αβ have the same dc-offsets.
Moreover, it is worth to be pointed out that even only dcoffsets are introduced, both dc-offsets and second-order harmonics will finally appear at steady-state condition as shown in Fig. 8(d) . The dc-offsets are now 0.072 and 0.037 Wb, respectively, (which are higher than the originally injected dcoffsets), and the amplitudes of the second-order harmonics are 0.059 Wb for both α-and β-components. To investigate the system oscillation phenomenon further, similar analysis is done by introducing second-order harmonics (instead of dc-offsets) into the active flux. Fig. 9 shows the signal waveforms at the steady-state condition. It can be observed that both dc-offsets (0.072 and 0.037 Wb, respectively) and second-order harmonics (0.059 Wb) appear at final steady-state condition, even no dc-offsets are introduced externally at the initial stage.
Analysis associated to Fig. 8 illustrates a possible steadystate operation condition that the CLFO may fail in removing the dc-offsets. However, the real condition is more complicated.
For example, in practice,ī dq cannot followī * dq ideally due to the limited controller bandwidth. Phase delay will exist in all PI regulators. DC-drifts are introduced in the sampledī dq , which will be integrated and do not give constant dc-offsets in the flux signals. The steady-state operation condition with continuous system oscillation is the synergy of the speed and current regulators, CLFO, position/speed estimator, and the dc-drifts of the system. A detailed model of the machine and controller was implemented and the simulation results for the same condition as Fig. 6 are given in Fig. 10 . It can be seen that the simulated position and speed oscillations are very similar to the test results shown in Fig. 6 . This confirms that the CLFO may fail in removing the dc-offsets and steady-state continuous operation with dc-offsets presented in the flux linkages and current may exist.
It should be noted that the "dc-offsets" are actually not constant values. To investigate this, the waveforms of the machine variables during step load transient are recorded. Fig. 11 shows experimental performance at 600 r/min 5 A step load. It can be seen from Fig. 11(a) that the real speed and the position estimation error begin to oscillate as the offsets of the machine current and flux in the αβ-reference frame occur gradually. Fig. 11(b) shows the "dc" offset of the machine variables obtained from an LPF with 3-Hz cutoff frequency, where the voltage is e α = v * α − R s · i α . It can be seen that they are actually not constant dc values, but oscillating at a very low frequency at "steady state" condition viewed from machine variables working at the fundamental frequency.
Since the dc-offsets and speed oscillation appear gradually without noticeable signal sudden change in a closed-loop system, it is hard to tell which signal stimulates the system oscillation. It can only be concluded that the system damping factor is not big enough to stabilize the system at such operation condition. A complete system small signal model linearized at a steady-state operation condition is needed if theoretical analysis of the system stability (damping factor) is preferred. So far, such analysis is generally presented in the synchronous reference frame (dq-frame), where the large signals of the machine variables are almost constant at steady-state operation condition and it is then possible to linearize the system as presented in [24] , [25] . Since in this CLFO, the voltage model and adaptive mechanism are implemented in the αβ-frame and the machine variables keep changing at steady-state condition, it is not easy to linearize the system and perform system stability analysis. However, the provided simulation and experiment proofs are adequate to demonstrate the problem of the CLFO. The discussion in this section shows that the cause of the system oscillation phenomenon is due to the imperfect dc-offset removal of the observer. The proposed solution to overcome this problem is illustrated in the below section.
V. IMPROVED CLFO
According to the analysis in the above section, the introduction of either dc-offsets or second-order harmonics in the flux linkage will finally result in a flux-linkage with both of them at steady-state condition. Thus, it is straightforward to consider solving the problem by simply removing both the dc-offsets and other high-order harmonics (mainly the second-order harmonic) of the flux-linkage obtained from machine current model λ * αβ . To guarantee desired dc-offset-free signals generated from the current model, a nonideal proportional-resonant (PR) controller [26] is employed to perform as a band-pass filter and to extract the fundamental components ofλ * αβ as the reference flux-linkage to be used in the compensation block as illustrated in Fig. 12 .
It should be pointed out that even higher-order components ofλ * αβ are suppressed by using a nonideal PR controller, the effects on the final output ofλ αβ is limited. This phenomenon can be analyzed by using the simplified block diagram of the CLFO as shown in Fig. 13(a) , which represents the essential part of the closed-loop adaptive mechanism. For a certain componentλ * n th (e.g., the dc or high order harmonics), if it does not appear in the output of the reference model, i.e.,λ * n th = 0, the transfer function of the block diagram shown in Fig. 13(a) can be expressed as
where k pc and k ic are the proportional and integral gains of the PI regulator used in the CLFO. Compared with the open-loop flux observer [i.e., only a pure integrator as shown in Fig. 13  (b) ] where G o (s) = λ n th /v n th = 1/s, the extra damping effect caused by the CLFO is governed by
The frequency response of (10) is shown in Fig. 13(c) . It can be seen that for high-order harmonic components, the CLFO [see Fig. 13(a) ] behaviors the same as the open-loop integrator used for obtaining the flux from the voltage [see Fig. 13(b) ]. Therefore, by suppressing high-order harmonics in the reference flux linkageλ * αβ 1 generated by the nonideal PR controller, the closed-loop observer will exhibit limited changes on the high-order harmonics in the final outputλ αβ , whose frequency responses are mainly determined by the integrator. Moreover, it is worth pointing out that whenλ * αβ does not contain any dc-offset, the CLFO can provide extra damping effects in the low frequency range compared with the original open-loop flux observer. The damping effect increases as the PI gain increases as shown in Fig. 13(c) . This phenomenon explains the principle of why the CLFO can be used for dc-offset removal. Furthermore, for any component contained inλ * αβ , assuming it is equal to the component contained inλ αβ (i.e.,λ * n th =λ n th ), then the input to the PI Δλ n th equals zero. The CLFO in Fig. 13(a) will degenerate to the open-loop flux observer shown in Fig. 13(b) . Therefore, no extra damping effect can be gained for that particular component. If this component is the dc component, then the CLFO loses the ability of dc-offset removal as discussed in Section IV, Fig. 8 . This is why the nonideal PR controller is introduced to prevent the dc and other relevant harmonics (e.g., second-order harmonic) from appearing in the reference flux linkage that may cause the system oscillation phenomenon.
The transfer function of the nonideal PR controller can be expressed as 
where K i , ω c , and ω represent the controller gain, cutoff frequency, and resonant frequency, respectively. In this paper, K i = 1, ω =ω r , and ω c = 0.1ω are selected in the controller. The bilinear transform is implemented to obtain the digital filter used in DSP by replacing s with [27] s = 2 T s
where T s is the sampling period. Fig. 14 shows the FOC performance with nonideal PR controller. It can be seen that the flux-linkage is nearly pure sinusoidal, and speed ripples are limited to a very narrow band. The achieved position estimation errors at different operation conditions at steady state with the PR controller are listed in Table II . It can be seen that the position error has a very narrow band, which illustrates that there is no dc-offset in the flux-linkage and system oscillation phenomenon observed previously is now highly suppressed.
VI. CONCLUSION
Sensorless control via flux sensing is implemented to drive a SynRM in this paper. System oscillation phenomenon is observed, which means the widely used CLFO cannot always work as expected and may fail in removing the dc-offsets. This phenomenon has been illustrated experimentally in this paper. The behavior of the CLFO during failure in dc-offset removal is discussed. An alternative solution by adopting a nonideal PR controller in the machine current model based flux observer is proposed and verified experimentally to suppress this harmful system oscillation. Satisfactory drive performance is achieved. However, a thorough mathematical analysis regarding the system stability with the CLFO is expected in the future study, so that other possible solution may be developed.
